The germinal matrix (GM) located in the thick subependymal cell layer of the thalamostriate groove is a major site of cerebral hemorrhage in premature infants. Comparing the morphology of vasculature among GM, gray and white matter of the brain may help in understanding the pathogenesis of GM hemorrhage and also of periventricular leukomalacia. The objective of the present study was to determine the morphology of blood vessels in the GM, gray matter, and white matter and to examine maturational changes in the morphology of these vessels as a function of gestational age. We measured vessel density, percentage of blood vessel area, mean surface area, length, breadth, perimeter, radius, and shape of blood vessels in coronal sections of the GM, gray matter, and white matter in postmortem human brain samples for 17 fetuses and premature infants of gestational age 16 -40 wk and 2 adults. We performed immunohistochemical staining using anti-laminin primary antibody, confocal microscopy to acquire images, and analysis using Metamorph version 6.1. Vessel density and the percentage of blood vessel area increased as a function of gestational age in the GM, gray matter, and white matter (p Ͻ 0.001 each). The blood vessel density and the percentage of blood vessel area were largest in the GM followed by gray matter and then white matter in all of the gestational age categories (p Ͻ 0.001 for all comparisons). Increased vascularity of the GM compared with gray and white matter may play a role in GM hemorrhage, whereas a relatively low vascularity of white matter may increase the propensity for the occurrence of periventricular leukomalacia in premature infants (Pediatr Germinal matrix hemorrhage (GMH)-intraventricular hemorrhage (IVH) continues to be an important cause of mortality and morbidity in premature infants (1,2). The pathogenesis of IVH is not well understood. However, some theories concerning IVH include venous origin of hemorrhage (3), poorly developed tight junctions (4), greater lumenal areas (5), and low cerebral blood flow (6). Premature infants primarily bleed in the GM and not in gray and white matter, suggesting that there is an intrinsic weakness in the blood vessels of GM compared with blood vessels in other areas of the brain. Thus, this study is based on the premise that maturational changes in the morphology of GM blood vessels and difference in GM vasculature compared with gray and white matter may reveal reasons for the vulnerability of the GM blood vessels to hemorrhage. In addition, development of white matter vasculature may be of importance with respect to the pathogenesis of periventricular leukomalacia (PVL), a white matter disease of premature newborns that is considered to be of hypoxicischemic origin (7).
The germinal matrix (GM) located in the thick subependymal cell layer of the thalamostriate groove is a major site of cerebral hemorrhage in premature infants. Comparing the morphology of vasculature among GM, gray and white matter of the brain may help in understanding the pathogenesis of GM hemorrhage and also of periventricular leukomalacia. The objective of the present study was to determine the morphology of blood vessels in the GM, gray matter, and white matter and to examine maturational changes in the morphology of these vessels as a function of gestational age. We measured vessel density, percentage of blood vessel area, mean surface area, length, breadth, perimeter, radius, and shape of blood vessels in coronal sections of the GM, gray matter, and white matter in postmortem human brain samples for 17 fetuses and premature infants of gestational age 16 -40 wk and 2 adults. We performed immunohistochemical staining using anti-laminin primary antibody, confocal microscopy to acquire images, and analysis using Metamorph version 6.1. Vessel density and the percentage of blood vessel area increased as a function of gestational age in the GM, gray matter, and white matter (p Ͻ 0.001 each). The blood vessel density and the percentage of blood vessel area were largest in the GM followed by gray matter and then white matter in all of the gestational age categories (p Ͻ 0.001 for all comparisons). Increased vascularity of the GM compared with gray and white matter may play a role in GM hemorrhage, whereas a relatively low vascularity of white matter may increase the propensity for the occurrence of periventricular leukomalacia in premature infants (Pediatr Res 56: 117-124, 2004) Abbreviations GM, germinal matrix GMH, germinal matrix hemorrhage IVH, intraventricular hemorrhage PVL, periventricular leukomalacia Germinal matrix hemorrhage (GMH)-intraventricular hemorrhage (IVH) continues to be an important cause of mortality and morbidity in premature infants (1, 2) . The pathogenesis of IVH is not well understood. However, some theories concerning IVH include venous origin of hemorrhage (3), poorly developed tight junctions (4), greater lumenal areas (5) , and low cerebral blood flow (6) . Premature infants primarily bleed in the GM and not in gray and white matter, suggesting that there is an intrinsic weakness in the blood vessels of GM compared with blood vessels in other areas of the brain. Thus, this study is based on the premise that maturational changes in the morphology of GM blood vessels and difference in GM vasculature compared with gray and white matter may reveal reasons for the vulnerability of the GM blood vessels to hemorrhage. In addition, development of white matter vasculature may be of importance with respect to the pathogenesis of periventricular leukomalacia (PVL), a white matter disease of premature newborns that is considered to be of hypoxicischemic origin (7) .
The morphology of GM blood vessels has been studied by a number of investigators in beagle pups (8 -10) , rabbits (11), monkey fetuses (12) , and premature human infants (5, 13) . Studies on human infants have examined the pattern of vascularization (14) , glial ensheathment of cerebral cortical blood vessels (15) , and ultrastructure of GM vessels including luminal area (5) and endothelial area (5) . However, a systematic study on human premature infants that examines vessel density, percentage of blood vessel area, and measurements of the blood vessel, including mean surface area, length, breadth, perimeter, radius, and shape of the blood vessels in the GM compared with gray and white matter, from early gestational age through term is lacking.
METHODS

Subjects.
The Institutional Review Board at New York Medical College and Westchester Medical Center, Valhalla, NY, approved this study. The study material included autopsy brain samples from premature infants of postconceptional age 23-40 wk, from spontaneous abortuses of the gestational age 16 -22 wk, and from adults. Gestational age was based on the last menstrual period of the mother. Only autopsy samples of Ͻ12-h postmortem interval were used for this study. All infants with major congenital anomalies, chromosomal defects, culture-proven sepsis, meningitis, or hypoxic-ischemic encephalopathy and infants who received extracorporeal membrane oxygenator treatment were excluded from the study. The characteristics of each subject included in this study are described in Table 1 .
Human tissue collection and processing. Brain samples were obtained as coronal blocks by dissection of the following areas: GM from periventricular area in the region of thalamostriate groove and at the level of foramen of Monro, frontal white matter from the centrum semiovale, and frontal cortex (gray matter). All specimens were processed immediately after they were obtained. The samples were fixed in 4% paraformaldehyde in PBS (0.01 M, pH 7.4) for 18 -24 h and then were cryoprotected by immersing into 20% sucrose in 0.01 M PBS buffer for 48 h. If the tissue did not sink, then 30 and 40% sucrose were used. Tissues were frozen after embedding them into OCT. Frozen coronal blocks were cut into 20-m sections using cryostat. For confirming GM, sections of tissues taken from the periventricular area of the caudate-thalamic groove were stained with hematoxylin and eosin and were examined with a light microscope.
The primary antibody used to stain the blood vessels was monoclonal mouse anti-human laminin antibody (catalog no. L8271, 1:500 dilution; Sigma Chemical, St. Louis, MO, U.S.A.). Secondary antibody was cy-5 conjugate goat antimouse (no. 115-175-146; Jackson Immunoresearch, West Grove, PA, U.S.A.). Before incubation with primary antibody, the sections were incubated with 5% NGS, 1% BSA, and 0.2% Triton X-100 in PBS for 2 h at room temperature. The tissue sections were then incubated overnight at 4°C with the primary antibody diluted in PBS. After several washes in PBS, sections were incubated in secondary antibody for 2 h at room temperature. Finally, after washes in PBS, sections were mounted with Slow Fade Light Antifade reagent (Molecular Probes, Eugene, OR, U.S.A.) and were visualized under BIO-RAD confocal microscope (Richmond, CA, U.S.A.). Images were analyzed using Metamorph version 6.1 from Universal Imaging Corp. (Downingtown, PA, U.S.A.).
From each brain, a set of 8 -10 coronal sections taken as every 10th section were used for the study. From every section, five images were acquired from each area-GM, gray matter, and white matter-using 20ϫ objective. Thus, a total of 120 -150 images (8 -10 sections ϫ 3 areas ϫ 5 images) per subject were acquired, and a total of~56,968 blood vessel profiles in 2476 images were analyzed.Parameters studied were defined as follows:
Vessel density: number of blood vessels/mm 2 Percentage of blood vessel area: percentage of the area occupied by cross-section of all blood vessels in an image. Mean surface area of the blood vessel: the average surface area of all blood vessels including the holes (lumen) present regardless of the hole filling in an image Length: the span of the longest chord through the blood vessel Breadth: the caliper width of the object perpendicular to the largest chord Perimeter: distance around the edge of the blood vessel measuring from points of each pixel that defines the border Mean radius: average distance from centroid to all points along the edge Shape factor: the shape factor is equal to 4A/P2, where P is perimeter and A is area; a value of 0 indicates a flat object, and a value of 1 indicates a circle Statistical analysis. Vessel density; percentage of blood vessel area; and dimensions of the blood vessel, including length, breadth, perimeter, radius, and shape, were studied as a function of gestational age, and these parameters were compared among GM, gray matter, and white matter. For assessing the effect of gestational age on blood vessel density and dimensions of the blood vessels in the GM, gray matter, and white matter, infants were stratified into five categories with respect to gestational age: 16 -20, 21-23, 24 -27, 28 -32, and 36 -40 wk. This stratification was based on viability and maturity considerations of fetuses and preterm infants. We used Kruskal-Wallis test (ANOVA model) to compare the parameters across the gestational age categories. Pairwise comparison was done for each of the variables vessel density, total blood vessel area, mean blood vessel area, length, breadth, perimeter, mean radius, and shape factor between GM versus gray matter, GM versus white matter, and gray matter versus white matter in all five gestational age categories using MannWhitney U test. The pairwise comparison of characteristics of blood vessels between 36-to 40-wk newborns and adults was also done using Mann-Whitney U test. A p Ͻ 0.05 was considered significant. -27, 28 -32, and 36 -40 week subjects in germinal matrix, gray and white matter. Data are mean and standard deviation. Percent blood vessel area increased with increase in the gestational age of subjects in the GM, gray and white matter (p Ͻ 0.001 each, ANOVA). Percent blood vessel area was greater in the GM compared to cortex and gray matter for all gestational age categories (p Ͻ 0.001 each). In addition, percent blood vessel area in gray and white matter was increased in adults compared to mature newborns. The number in the parentheses indicates the number of subjects. *p Ͻ 0.001 for the comparison between germinal matrix and gray matter. †p Ͻ 0.001 for the comparison between germinal matrix and white matter. ‡p Ͻ 0.001 for the compariaon between gray and white matter. 
ANATOMIC ANALYSIS OF CEREBRAL BLOOD VESSELS
RESULTS
Characteristics of the subjects included in the study are depicted in Table 1 . Autopsy brain material obtained from the GM, gray matter, and white matter in 19 subjects was studied. The subjects were divided into five gestational-age categories: 16 -20 (four subjects), 21-23 (three subjects), 24 -27 (four subjects), 28 -32 (three subjects), and 36 -40 (three subjects) wk. We also included two adult brains in this study.
Effect of gestational age on morphology of blood vessels. The effect of gestational age on percentage of blood vessel area in the GM, gray matter, and white matter is shown in Table 2 and Figures 1 and 2 . The percentage of blood vessel area increased as a function of gestational age in the GM, gray matter, and white matter (p Ͻ 0.001 each, ANOVA model). Likewise, vessel density (number of blood vessels/mm 2 ) also increased as a function of gestational age in the GM, gray matter, and white matter (p Ͻ 0.001 each, ANOVA; Table 2 , Figs. 2 and 3) . The percentage of blood vessel area and the number of vessels in the GM increased from 16 to 32 wk and in gray matter from 16 to 40 wk of gestational age, whereas these measurements in white matter increased significantly only after 32 wk of gestational age. Dimensions of the blood The figure shows that number of vessels and percent blood vessel area are greater in germinal matrix followed by gray and then white matter. In addition, number of vessels and percent blood vesel are greater in higher gestational age subjects in GM, gray and white matter. 120 vessels in the GM, gray matter, and white matter, including mean surface area of blood vessels, length, breadth, perimeter, and radius in the gestational age categories, are depicted in Table 2 . No consistent upward or downward trend in their values was noted with an increase in the gestational age.
Comparison among GM, gray matter, and white matter. The blood vessel density and the percentage of blood vessel area were the largest in the GM followed by gray matter and then white matter in all gestational age categories, and comparisons between them were statistically significant (p Ͻ 0.001 for all; Tables 2 and 3 ). Shape factor for the blood vessels was significantly greater in the GM compared with gray matter for all gestational age categories, indicating that blood vessels were more circular in the GM than in gray matter. This comparison was also significant for GM versus white matter except for 16 -20 and 28 -32 wk gestational age. The comparison of mean surface area, length, breadth, radius, and perimeter of the GM blood vessels with gray and white matter did not show any consistent increase or decrease for the various gestational age categories. For 36-to 40-wk infants, we observed higher vessel density and greater percentage of vessel area in gray matter compared with white matter (p Ͻ 0.001 each). However, mean area (p Ͻ 0.001), length (p Ͻ 0.001), breadth (p Ͻ 0.05), perimeter (p Ͻ 0.001), and radius (p Ͻ 0.001) of blood vessels were significantly smaller in gray matter compared with white matter. We did not find significant GM in a 36-wk infant; thus, images from GM were not acquired on this infant.
Comparison between adult and 36-to 40-wk newborns. In close similarity to 36-to 40-wk newborns, gray matter of adult brains had increased vessel density with greater percentage area of blood vessels and decreased mean area, length, breadth, perimeter, and radius of the blood vessels compared with adult white matter (Table 4 , Fig. 4) .
We compared the vasculature of gray matter and white matter between 36-to 40-wk newborns and adults. We observed greater blood vessel density (294.3 Ϯ 82.3 versus 254.7.3 Ϯ 90.3) and a higher percentage of blood vessel area (7.25 Ϯ 1.7 versus 5.4 Ϯ 1.3) in adult gray matter compared with newborn gray matter. In addition, we found greater percentage of blood vessel area (3.9 Ϯ 1.9 versus 3.2 Ϯ 1.0) and smaller blood vessel density (68.6 Ϯ 19.5 versus 91.3 Ϯ 22.4) in adult white matter compared with newborn white matter. Shape factor was higher for newborn gray and white matter vasculature, indicating a relatively round shape of newborn blood vessels and a flat shape of adult blood vessels. We are not showing the p values for these comparisons because there were only two subjects in the adult group.
DISCUSSION
We observed that blood vessel density and percentage of total blood vessel area increased with gestational age 16 through 32 wk week subjects in germinal matrix, gray and white matter. Data are mean and standard deviation. Blood vessel density increased in the GM, gray and white matter with increase in the gestational age of subjects (p Ͻ 0.001 each, ANOVA). Blood vessel density was greater in the GM compared to cortex and gray matter for all gestational age categories (p Ͻ 0.001). In addition, blood vessel density in gray matter was increased in adults compared to mature newborns. However, blood vessel density in white matter was lower in adults compared to mature newborns. The number in parentheses indicates the number of subjects. *p Ͻ 0.001 for the comparison between germinal matrix and gray matter. †p Ͻ 0.001 for the comparison between germinal matrix and white matter. ‡p Ͻ 0.001 for the comparison between gray and white matter. Comparison between blood vessels of gray matter and white matter for newborns of 36 -40 wk gestational age was significant (p Ͻ 0.01) for all eight variables except for the shape factor. WM, white matter; NS, not significant.
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in the GM and 16 through 40 wk in gray as well as white matter. In addition, blood vessel density and percentage of blood vessel area were largest in the GM followed by gray matter and then white matter in all gestational age categories.
We used monoclonal anti-laminin as a vascular marker to study the morphology of blood vessels because we observed consistent and uniform immunohistochemical staining with minimal background using this antibody in human brain tissues of all gestational ages, in addition to adults. However, limitations of our immunohistochemical method using laminin are that we were unable to measure the lumenal and endothelial area of blood vessels. In addition, this study could not differentiate among arteries, veins, and capillaries. Confocal microscopy was used to obtain two-and three-dimensional highresolution images of blood vessels in 20-m sections. We examined 8 -10 sections at an interval of 150 -200 m in every subject for GM, white matter, and gray matter. Five images were acquired from each section, which gave us a large sample size from each subject.
Our finding of an increase in vessel density in the GM, gray matter, and white matter as a function of gestational age is supported by the previous study of Mito et al. (16) . However, this study evaluated gray and white matter vasculature but not specifically blood vessels of the GM. They noted an increase in cortical vessel density at 26 wk that peaked at 35 wk but no significant difference in white matter blood vessels among subjects of various gestational ages. It is interesting that we observed an increase in blood vessel density and percentage of blood vessel area in gray matter from 16 to 40 wk of gestational age, whereas these measurements in white matter did not increase until close to maturity (36 -40 wk). The description of phases in the development of human cerebral cortical vasculature also supports our finding of an increase in vascularization of cortex with gestational age (14) . In addition, two to three times greater cerebral blood flow in term infants compared with preterm infants as measured by positron emission tomography indirectly supports our observation of an increase in cerebral vascularization as a function of gestational age (17) . Another key observation was that blood vessel density and the percentage of blood vessel area were largest in the GM followed by gray matter and then white matter for all gestational age categories. The finding of greater vascularity in the cortex compared with white matter is consistent with single photon emission tomography measurements that were made on premature infants and revealed four times greater cerebral blood flow in cortex than in white matter (18) . However, to the best of our knowledge, there are no data in the literature on greater vascularity in the GM compared with other areas of the developing human brain. An ultrastructural study of the GM in premature beagle pups showed greater total vessel cross-sectional area in the GM compared with cortex (19) , whereas another study on two normal newborn pups showed that the GM vessel density was similar to white matter and lower than that of cortex (20) .
Notably, there was significantly less vascularity of white matter compared with the GM and gray matter for subjects of all gestational ages. In addition, there was no significant increase in the vascularity of white matter from 16 to 32 wk of gestational age, and an increase in white matter vascularity was observed only after 32 wk. These observations are supported by the study demonstrating low cerebral blood flow in white matter compared with the basal ganglia and fronto-temporal cortex in premature infants (16) . These findings are of particular importance in the context of PVL. PVL is a white matter disease of premature infants with a poorly understood cause. Our finding of relatively low white matter vascularity supports the notion that PVL consists of ischemic necrosis in the periventricular area as a result of decreased cerebral blood flow in critically ill premature newborns with hemodynamic instability.
It is interesting that in close similarity to newborns, adult gray matter had higher vessel density with greater percentage area of blood vessels and decreased mean area, length, breadth, perimeter, and radius of the blood vessels compared with adult white matter. These findings are supported by a recent study that measured dynamic cerebral perfusion in premature as well as mature neonates compared with that of adults using susceptibility contrast enhancement magnetic resonance imaging techniques (21) . The investigators observed that images of relative cerebral blood flow from mature infants were comparable to adults, whereas relative cerebral blood flow data in premature infants showed perfusion voids predominantly in white matter and well-detected perfusion in gray matter. Thus, the resemblance of adult cerebral vasculature with that of mature but not premature newborns indicates that blood vessels in the gray and white matter of 36-to 40-wk newborns are approaching maturity.
The mean blood vessel, endothelial and lumen area have been studied in human GM and cerebral cortex by a previous investigator (5) . This study does not provide information on the number of vessels (vessel density) and the percentage of the total blood vessel area in the GM, gray matter, and white matter. In contrast to the findings of this study, we did not observe larger mean blood vessel cross-sections in the GM compared with gray matter in 16 -20 and 24 -27 wk groups of subjects. Of note is that we did not observe a consistent change in the mean breadth of blood vessels in any area with increasing gestational age. Neither did we notice a consistent increase or decrease in the breadth of blood vessels comparing GM, gray matter, and white matter. However, studies on beagle pups showed slightly greater diameter of blood vessels in the GM compared with gray and white matter (9) .
We found a higher shape factor for the GM blood vessels compared with gray matter in all subject groups and also in white matter of 21-to 27-wk subjects, meaning that GM blood vessels were more circular (less flat) in cross-section. We speculate that the more circular shape of blood vessels in cross-section indicates immaturity of vasculature in germinal matrix compared with other areas. This is indirectly based on evidence that during vascular development, as the pericytes and supporting cells associate with endothelial cells, the blood vessels become less dilated (22, 23) .
The pathogenesis of GMH and PVL is currently not well understood. However, our finding of the greater vascularity of the GM compared with gray and white matter may explain the susceptibility of GM vasculature to hemorrhage. Likewise, our observation of a relatively low vascularity of white matter suggests that ischemia is likely to play a role in the pathogenesis of PVL. Additional research is needed to explain further how the different pattern of vascularity in GM and white matter contribute to the pathogenesis of GMH and PVL.
